Introduction
Breast cancer is one of the most common malignancies and the leading cause of cancer-associated mortality in females worldwide (1) . Considering that breast cancer has a high heterogeneity (2) , various specific biomarkers, including estrogen receptor (ER) and human epidermal growth factor-2 (HER2) (3) (4) (5) , have been discovered to classify breast cancer into four subtypes: Basal-like (BL), luminal A, luminal B and HER2-enriched (6) , which allows for the application of more individualized therapies for breast cancer patients. However, the crude mortality due to breast cancer in China in 2010 was 8.65 per 100,000 individuals, and was accountable for 7.90% of all cancer-associated mortalities in women (7) . Therefore, to identify a novel marker consistent with existing ones but able to further refine breast cancer diagnostics has significance for improving the efficacy of breast cancer therapy.
The role of insulin-like growth factor-1 receptor (IGF-1R) in breast carcinogenesis has attracted increasing attention over the last two decades (8, 9) . IGF-1R is a tyrosine kinase cell surface receptor, which has mitogenic, proliferative and anti-apoptotic effects in cells and was identified to have an increased expression in various types of malignant tumor tissue, including breast cancer (10) (11) (12) (13) . Several studies have been performed to identify the role and expression of IGF-1R in various subtypes of breast cancer (14) . In addition, the overexpression of IGF-1R may be correlated with disease development, aggressive phenotypes, clinical outcomes and the therapy resistance (15) . However, the predictive and prognostic significance of IGF-1R expression in breast cancer lesions remains controversial. For instance, certain studies report IGF-1R as a favorable prognostic indicator in breast cancer (16) , while others indicate that IGF-1R overexpression is associated with an increased probability of metastasis, a poor response to treatment and a decreased survival rate (17) .
Impact of phosphorylated insulin-like growth factor-1 receptor
on the outcome of breast cancer patients and the prognostic value of its alteration during neoadjuvant chemotherapy Considering IGF-1R phosphorylation as an essential step for the function of IGF-1R (18) , the present study assessed the levels of phosphorylated (p)-IGF-1R in breast cancer tissue, and their correlation with clinicopathological features and clinical outcomes. The present study also investigated whether p-IGF-1R is a predictive and prognostic biomarker by focusing on its association with the expression of other outcome-associated biomarkers, overall survival (OS) and response to neoadjuvant chemotherapy. It was investigated whether p-IGF-1R has the potential to refine the existing breast cancer classification and prognostication by markers routinely used in the clinic.
Materials and methods
Patients. A total of 348 female patients admitted to the Department of Breast Surgery of the Second Hospital of Shandong University (Jinan, China) from January 2010 to December 2014 were enrolled in the present study. All patients included in the final analysis were newly diagnosed and histologically confirmed to have breast cancer. The complete clinical data of each patient were recorded, and their breast cancer tissue samples were collected. All records were collected on the basis of patient written informed consent for the use of clinical data, their enrollment in the present study and for the analysis of their tissues. None of them had received any prior cancer treatment, including surgery, chemotherapy, radiotherapy and endocrine therapy. After enrollment, all treatments given by our department were based on NCCN guideline (19) . All procedures were in accordance with the guidelines set by the Declaration of Helsinki and approved by the Clinical Research Ethics Committee of the Second Hospital of Shandong University (Jinan, China).
Data collection.
The clinical information of all patients was retrieved from electronic and paper-based medical records available from the Second Hospital of Shandong University (Jinan, China), which had been obtained from patients or their family members upon admission. All records were collected on the basis of complete informed consent. The patient data comprised of seven aspects, including i) demographic characteristics: Gender, age, ethnicity, marital status, occupation, height and weight; ii) gynecological details: Age of menarche, duration of menstruation, menstrual cycle and menopausal status; iii) fertility conditions: Number of children, age at first birth and breastfeeding conditions; iv) personal medical history (diagnosed by doctors prior to enrollment in the present study): Hypertension, diabetes mellitus, heart disease, viral hepatitis, benign breast disorders, uterine fibroids and ovarian cysts; v) family history: Breast cancer, other cancer, all types of cancer; vi) physical breast examination: Size, position, texture, mobility and smoothness of tumor and palpation of lymph nodes; vii) treatment-associated information: Time and methods of operation, details regarding lymph node dissection, regimen of chemotherapy, neoadjuvant chemotherapy and endocrine therapy; and viii) pathological characteristics: Pathological types, tumor stage, ER, progesterone receptor (PR), HER2, Ki-67 and lymph node metastasis status.
Immunohistochemistry. In total, immunohistochemical analysis of the expression of p-IGF-1R was performed in 388 breast cancer tissue sections as previously reported (20, 21) . In brief, all specimens were formalin-fixed and paraffin-embedded. Tissue sections (3 µm) were dewaxed with xylene and dehydrated with a graded ethanol series. Antigen retrieval was performed by boiling in citrate buffer (Beyotime Institute of Biotechnology, Haimen, China) and the slides were allowed to cool at room temperature. The slides were then washed with PBS three times for two minutes each time. Next, 50 µl of 3% H 2 O 2 solution was added to each slide to inhibit the endogenous peroxidase. Slides were incubated with anti-p-IGF-1R polyclonal antibody (cat. no. 39398; 1:200 dilution; Abcam, Cambridge, MA, USA) for 1 h at 37˚C, followed by washing with PBS three times as above. Secondary antibody (cat. no. DV9000; 1:1 dilution; OriGene Technologies, Inc., Rockville, MD, USA) was added to each slide, followed by incubation at room temperature for 30 min. After washing with PBS, freshly prepared diaminobenzidine solution was added, followed by incubation for 2 min at room temperature. All slides were washed with tap water and counterstained with hematoxylin for 30 sec. Gradient alcohol dehydration and clearing with xylene were performed, and all slides were mounted with neutral balata (OriGene Technologies, Inc., Rockville, MD, USA).
Imaging analysis. Either membranous or cytoplasm staining for p-IGF-1R was defined as positive. The results were assessed by an experienced pathologist using the immunoreactive scoring (IRS) criteria (22, 23) . A total of 10 randomly selected high-power microscopic fields for each section were observed and 100 cells in each field were counted. IRS=SI (staining intensity) xPP (percentage of positive cells). The staining intensity (22) was rated as 0 (absent), 1 (weak), 2 (moderate) and 3 (strong). The percentage of positive cells was defined as follows: 1, 1-10; 2, 11-50; 3, 51-80; and 4, 81-100%. For the semi-quantitative analysis, samples with a score of 0-2, 3/4, 5-8 and 9-12 were labeled as -, +, ++ and +++, respectively (23) . The sections scoring 0 were considered as negative for p-IGF-1R, and the remaining ones were considered as positive (24) .
End-points. OS was defined as the time from diagnosis (date of biopsy) until the time-point of mortality or the last follow-up for patients. Disease-free survival (DFS) was defined as the time from diagnosis (date of biopsy) to events, including local relapse or distant metastases, the occurrence of a new primary tumor or death without evidence of cancer.
Statistical analysis. SPSS version 18.0 (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis of the data. For descriptive analysis, the values of continuous variables were expressed as the mean ± the standard deviation, and those of categorical variables were presented as the frequency. To describe the distribution of p-IGF-1R and to test whether p-IGF-1R was correlated with any clinicopathological parameters, Pearson's Chi-Square tests were performed for categorical variables. The Wilcoxon rank sum test was performed for comparing p-IGF-1R alterations during neoadjuvant chemotherapy (NAC). Logistic regression was performed to identify factors associated with p-IGF-1R levels. Correlations between p-IGF-1R and OS were analyzed by Kaplan-Meier survival analysis and multivariable Cox regression, and differences between subgroups were calculated using the log-rank test. All tests were two-sided, and P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics.
Of the 348 female breast cancer patients enrolled in the present study, 80 received NAC. Among those 80 patients, paraffin-embedded tumor tissue sections from the pre-NAC and post-NAC time-points were available for 40 patients. These tumor tissues had been collected by biopsy and resection, respectively. In total, 388 tumor tissue sections were analyzed by immunohistochemistry to detect p-IGF-1R. The demographic characteristics and medical history of the patients are summarized in Table I .
The age of these 348 patients ranged from 22 to 84 years, and the average age was 51.73±11.85 years. The cohort included 144 underweight or normal weight patients (BMI<24 kg/m 2 , accounting for 41.3%) and 191 overweight or obese patients (BMI≥24 kg/m 2 , accounting for 54.9%), while BMI data were missing for 13 patients.
p-IGF-1R levels. Baseline p-IGF-1R was determined by immunohistochemical analysis of p-IGF-1R in tissue collected
by resection for patients who did not receive NAC and in the biopsy specimens for patients who were to receive NAC. The baseline expression of p-IGF-1R was assessed in all 348 cases of breast cancer. The results demonstrated that 238 cases (68.4%) had a p-IGF-1R negative status, while 110 cases (31.6%) had a positive status, among whom weak (+), moderate (++) and strong (+++) p-IGF-1R staining was observed in 74 (21.3%), 32 (9.2%) and 4 (1.1%) cases, respectively. Representative immunohistochemical images are displayed in Fig. 1 . The results indicated that compared with the p-IGF-1R-negative cases, less p-IGF-1R positive cases had a history of uterine fibroids (2.7 vs. 10.5%; P= 0.013; Table I ). The distribution of p-IGF-1R among occupations were significantly different (P=0.004). However, the age, ethnicity, personal medical history regarding hypertension, diabetes, heart disease, breast cancer and benign tumors, and even family history of breast cancer had no significant association with the p-IGF-1R status (P>0.05; Table I ).
Clinicopathological characteristics associated with p-IGF-1R status.
To investigate whether p-IGF-1R may affect the clinicopathological characteristics of breast cancer patients, the association between the p-IGF-1R status and clinicopathological features was assessed (Table II) . While 296 patients (85.1% of the total) were diagnosed with invasive ductal carcinoma, 29 (8.3%), 5 (1.4%) and 17 (4.9%) patients were diagnosed with ductal carcinoma in situ, invasive lobular carcinoma and other types of breast cancer, respectively. The results of the statistical analysis indicated that the p-IGF-1R status of breast cancer tissue was neither associated with the pathological type and tumor-nodes-metastasis stage, nor with the status of ER, PR, Ki-67 and lymph node metastasis (P>0.05). However, the level of p-IGF-1R in the tumors differed significantly between the groups with and without NAC treatment, and the groups with and without HER2 expression in the tissues. Compared with the p-IGF-1R-negative cases, more p-IGF-1R-positive cases had received NAC (30.0 vs. 19.7%; P=0.035). p-IGF-1R-positive cases had a higher rate of positivity for HER2 compared with the p-IGF-1R-negative cases (30.0 vs. 14.3%) (P<0.001). The difference also reached statistical significance among the groups with different molecular subtypes. More luminal A, luminal B and triple negative breast cancer (TNBC) tumors had a p-IGF-1R-negative status (P=0.022). These results suggest that the phosphorylation of IGF-1R may be associated with HER2 signaling.
Downregulation of p-IGF-1R expression during NAC.
To examine whether the level of p-IGF-1R changes during NAC, p-IGF-1R was measured in breast cancer patients prior to and after NAC (Table III) . The level of p-IGF-1R was significantly different between the biopsy (pre-NAC) and resection (post-NAC) samples (P=0.005), and p-IGF-1R displayed a trend towards a downregulation after NAC.
Factors associated with p-IGF-1R expression.
To examine the association between multiple factors and p-IGF-1R expression in breast cancer, a univariate analysis was performed. The results are presented in Table IV Survival analysis. The follow-up survival data were available for 276 patients. A total of 259 patients survived at the last time-point of follow-up and the mean duration of follow-up was 3 years, ranging from 1-6 years. The mean OS time was 39.8±11.6 months (range, 10.1-74.7 months). The mean OS time for patients with p-IGF-1R-negative and -positive tumors was 42.0±10.8 months and 35.6±12.0 months, respectively. The p-IGF-1R levels at baseline were significantly associated with OS (log-rank test, P=0.003; Fig. 2A ), but not associated with DFS (log-rank test, P=0.149; Fig. 2B ). Further Kaplan-Meier analyses were performed, where patients were stratified according to the expression of routinely used biomarkers (Fig. 3) . In the subgroups with HER2-negative status (P=0.003), ER-positive status (P=0.027) and luminal B (P=0.047), patients with p-IGF-1R-positive tumors had a shorter OS (Fig. 3A, D and E, respectively) . However, the p-IGF-1R status had no significant impact on OS in HER2-positive (P=0.883) and ER-negative patients (P=0.187; Considering the alteration of p-IGF-1R during NAC mentioned above, the present study further assessed the association of alterations of p-IGF-1R levels with OS and DFS ( Fig. 4A and B) . Among the 40 patients who received NAC with biopsy and resection data, the follow-up results of only 32 patients were available. The mean follow-up time of the patients was 38.4±11.9 months (range, 10.1-58.0 months). The mean OS time for patients in which p-IGF-1R was upregulated, not affected and downregulated after NAC was 40.8±16.1, 40.2±10.9 and 35.9±12.5 months, respectively. This may be due to a small sample size, as OS and DFS were almost the same. Kaplan-Meier analysis did not indicate a statistically significant association between the change of p-IGF-1R after NAC and OS or DFS (log-rank test, P=0.273 or 0.480, respectively). 
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Discussion
In the present study, factors reported by others to be associated with the baseline IGF-1R expression were assessed (20, 21) . The previously reported induction of p-IGF-1R during NAC and its potential association with OS was also analyzed (25) .
IGF-1R is a heterotetrameric transmembrane receptor tyrosine kinase, which is widely expressed in normal human tissues and is frequently upregulated in breast cancer (15) . It is well established that IGF-1R is involved in the regulation of numerous biological processes of cells, including differentiation, proliferation, transformation and survival (26) , particularly the progression and development of various cancer types (26) . The potential mechanism may be that after ligand binding and subsequent phosphorylation, IGF-1R signaling subsequently activates the anti-apoptotic pathways of phosphatidylinositol-3-kinase/AKT and proliferation-driving pathways of Ras/Raf/the mitogen-activated protein kinases (MAPK) extracellular signal-regulated kinases (27) . Considering IGF-1R phosphorylation as an essential step for the function of IGF-1R (18), the present study assessed p-IGF-1R in breast cancer tissues. Table III . Changes in p-IGF-1R levels in patients receiving NAC. Table IV . Association of clinicopathological characteristics of breast cancer patients with p-IGF-1R positivity determined by univariate logistic regression.
Overall survival  ----------------------------------------------------------------------------- OR, odds ratio; CI, confidence interval; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative breast cancer; pTNM, pathological tumor-nodes-metastasis; ER, estrogen receptor; PR, progesterone receptor; NAC, neoadjuvant chemotherapy. Table V . Association of the NAC and HER2 status of breast cancer patients with p-IGF-1R positivity determined by multivariate logistic regression. In the present study, an association between baseline p-IGF-1R expression and a wide range of factors was identified. To date, several studies have investigated the association of clinicopathological features with p-IGF-1R expression in breast cancer (20, 21) . The present study confirmed that baseline p-IGF-1R levels were significantly associated with NAC, molecular subtypes and the HER2 status according to the univariate analysis, which was in accordance with what was expected. However, the association between p-IGF-1R and HER2 did not reach statistical difference (P=0.056) based on multivariate logistic regression. It may be speculated that this is due to patients with HER2 (2+) status, which were not further identified by fluorescence in situ hybridization. Furthermore, an insufficient sample size for defining the HER2 status may have led to different statistical results between univariate and multivariate analysis. Even though the multivariate logistic regression result for the HER2 status indicated no statistical significance, integrated univariate analysis indicated that HER2-positive tumors were more likely to express p-IGF-1R than HER2-negative tumors. Although the underlying mechanisms remain elusive, there are three possible explanations for this phenomenon. First, HER2 may promote aromatase activity by phosphorylating AKT and MAPK (28) . Increased aromatase activity leads to elevated estrogen levels, which in turn contributes to the upregulation of IGF-1R (29) . Furthermore, elevated IGF-1R levels have been reported to be correlated with trastuzumab resistance in breast cancer (14) . Previous studies also demonstrated that the levels of IGF-1R inhibitors, miR-630 and miR-375, are downregulated in trastuzumab-resistant breast cancer, leading to an upregulation of IGF-1R expression (30,31). Of note, >60% of HER2-enriched breast cancer patients with metastases have been reported to present with trastuzumab resistance (32) , indicating that HER2-overexpressing tumors are more likely accompanied by IGF-1R positivity. Finally, a heterodimer formed by IGF-1R and HER2 facilitates the process of IGF-1R phosphorylating HER2 and promoting the invasion of tratuzumab-resistant cells (33) . Therefore, treatments co-targeting IGF-IR and HER2 have higher antitumor activity than those only targeting either receptor alone (34) .
Breast cancer is classified into four major subtypes based on its ER, PR, HER2 and Ki-67 status: Luminal A, luminal B, HER2-enriched and TNBC. One study has demonstrated that high IGF-1R expression levels were more frequently seen in luminal A (52%), luminal B (57.5%) and luminal/HER2 (44.8%) patients, whereas the HER2-enriched (90.3%) and BL (77.5%) tumors had lower IGF-1R expression (21) . In the present study, it was indicated that the patterns of p-IGF-1R were notably different among several of the above-mentioned subtypes, which means that it may be reasonable to treat breast cancer in different subtypes specifically. Among luminal A, luminal B and HER2-enriched subgroups, the probability of p-IGF-1R positivity in luminal B cases is almost twice as high as that in luminal A cases, while the probability in HER2-enriched cases is >4 times of that in luminal A cases. TNBC accounted for ~6.7% of all breast cancer samples assessed in the present study, which is lower than the previously reported rate (10-20%) (35) . More samples are therefore required for future investigation to clarify this discrepancy. Unlike other subtypes, TNBC is a cluster of diseases, with heterogeneity in its genetic locus, intrasubgroup, prognosis and sensitivity to therapy (36) , including basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal stem-like (MSL), luminal androgen receptor (LAR) and unsTable (UNS), with different characters. BL1 and BL2 are the primary components (~80%) of TNBC, characterized by an enrichment of genes, which regulate the cell cycle (36) . Higher level of basal cytokeratin can be found in BL1, BL2, UNS and M subtypes while LAR tends to express a high level of luminal cytokeratin. In addition, Masuda et al (37) highlighted that TNBC have different pathological complete response rate (pCR) to standard neoadjuvant chemotherapy. The complexity of pathophenotypes may also be a cause for the undefined association of p-IGF-1R expression with TNBC in the present study.
At present, the prognostic significance of IGF-1R is controversial. One study reported that IGF-1R expression is not associated with any clinical outcomes (38) , while others suggested IGF-1R as a favorable prognostic marker by elucidating that IGF-1R positivity in tumor cells was correlated with DFS, breast-cancer specific survival (BCCS) and OS (21) . By contrast, Law et al (39) performed a study including 438 patients with early breast carcinoma and revealed that a high level of p-IGF-1R was significantly correlated with a shorter BCCS. Similarly, the present study indicated that p-IGF-1R positivity predicts a shorter OS, while there was no significance regarding its predictive value for DFS. This suggests that anti-p-IGF-1R targeted therapies may improve the outcome for patients with breast cancer.
In order to further explore the prognostic efficacy of p-IGF-1R in different clinicopathological variables, subgroup analyses were performed. In the subgroups of HER2-negative, ER-positive and luminal B tumors, patients with a p-IGF-1R-positive status had a shorter OS. As is known, unlike that of luminal types, which may be treated with endocrine therapy, the prognosis of TNBC patients is almost always poor due to the lack of molecular treatment targets (21) . Patients with TNBC have a high probability of distant metastasis instead of locoregional relapse compared with other types (40) . Based on the present results, p-IGF-1R Table VI . Association between p-IGF-1R status and overall survival, as determined by Cox regression analysis. positivity may be regarded as an unfavorable prognostic indicator in patients with HER2-negative tumors, and p-IGF-1R may be an attractive therapeutic target, particularly for TNBC.
Overall survival -------------------------------------------------------------------------------------------------------------------------------------
To date, only a few clinical studies have indicated that chemotherapy may induce alterations in IGF-1R. Heskamp et al (25) demonstrated that upregulation of IGF-1R expression during neoadjuvant therapy predicted poor outcomes in breast cancer patients. These results imply a possible role for IGF-1R in therapy resistance. The association between IGF-1R expression and therapy resistance has been previously observed in several types of cancer. In the present study, changes of p-IGF-1R expression were induced by NAC. However, this alteration was neither associated with OS nor with DFS, which may be due to the small sample size.
In conclusion, the presence of p-IGF-1R determined by immunohistochemistry was indicated to be associated with several clinical and pathological variables, and is paralleled with certain biomarkers linked with poor outcome, including HER2. Based on the Cox regression result, p-IGF-1R is an independent prognostic factor, which indicates that p-IGF-1R may be a promising indicator for predicting clinical outcomes and an attractive target for improving the efficiency of anti-tumor therapy, particularly for patients with HER2-negative, ER-positive and luminal B tumors. Further studies with larger sample sizes of patients receiving NAC will elucidate whether the changes of p-IGF-1R expression caused by NAC may be associated with survival.
